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12 Claims, 10 Drawing Sheets

second adhesion layer

{ surface protection layver 58
-

56

% surface diffusion blocking layver “K‘\—w54

\ first adhesion layer

A5

metal layver

18

glectroplated layer

16

electrolessly plated laver

=gl

3 [} £ 2 2]

substrate

N S M\"‘M‘Ez
~10




US 9,048,295 B2
Page 2

(56) References Cited OTHER PUBLICATIONS

Chen, Chang-You et al.; “Backside Copper Metallization of GaAs

FOREIGN PATENT DOCUMENTS MESFETs Using TaN as the Diffusion Barrier”, IEEE Transactions

1P 2001-144089 A 5/2001 on Electron Devices, vol. 48, No. 6, (Jun. 2001), pp. 1033-1036.

1P 2002-285343 A 10/2002 Chang, Chun-Wei, et al.; “Mechanism of Microstructure Evolution
1P 2004-119723 A 4/2004 for the Cu/Ta/GaAs Structure after Thermal Annealing”, Japanese J.
P 2004-533123 A 10/2004 of Applied Physics, vol. 46, No. 4A, (2007), pp. 1409-1414.

P 2005-336600 A 12/2005 Korean Intellectual Property Office; Office Action in Korean Patent
Jp 2007-157883 A 6/2007 Application No. 10-2013-0100888 dated Oct. 20, 2014.

JP 2009-174041 A 8/2009 Korean Patent Office; Office Action in Korean Patent Application No.
p 2011-165810 A 8/2011 10-2013-0100888 (Feb. 3, 2015).

KR 1996-0035840 Al  10/1996 Taiwan Patent Office; Office Action in Taiwanese Patent Application
KR 1999-004578 Al 1/1999 No. 10420124930 (Jan. 28, 2015).

KR 2001-0029929 A 4/2001

KR 10-2005-0077861 A 8/2005 * cited by examiner



U.S. Patent Jun. 2, 2015 Sheet 1 of 10 US 9,048,295 B2

( metal layer 18
\ electroplated layer —3‘\_,'3 6 17
elec{irolessly plated layer ’T{"i 4
oy, & £ & ) 3 VAN
12a 12
} substrate . IE ﬁ
FIG.1
vapor deposition plating

FIG.2A FIG.2B



U.S. Patent Jun. 2, 2015 Sheet 2 of 10 US 9,048,295 B2

intensitylcps]

intensitylceps]




U.S. Patent Jun. 2, 2015 Sheet 3 of 10 US 9,048,295 B2

P4 layer Gads substrate
N !

atomic concentration|%]

depth [um]
FIG.4
17
g,
8

30B 1416

FIG.5



U.S. Patent Jun. 2, 2015 Sheet 4 of 10 US 9,048,295 B2




U.S. Patent Jun. 2, 2015 Sheet 5 of 10 US 9,048,295 B2

FIG.8

FIG.9



U.S. Patent Jun. 2, 2015 Sheet 6 of 10 US 9,048,295 B2

( metal laver TWHE g

\ electroplated layer containing Ge’i“‘S%}i 7

‘1 electrolessly plated laysy "j;"*’ 14
e e e
| 12

) substrate -10

FIG.10

1060
(= Sample 1
81 + pre L. PR N
G Sample 2
80 4 e
"""" = Sample 3
70 LT e v v

kS TR S 0 0 W | S SHURE TN AV R U 3 W

g 10 100 1000
heat treatment time at 270 C [hour]

amount of change in sheet resistance (%]

FIG.11



U.S. Patent Jun. 2, 2015 Sheet 7 of 10 US 9,048,295 B2

yi surface protection laver

second adhesion laver

\ | first adhesion layer ‘—‘\—\,52

metal laver '§ g

electroplated layer """‘W? 5

electrolessly plated laver e e ’E 4

& [} £33 & o -3 8 3 @ R
gsubstrate ““?ﬂ

FIG.12

V. 2

FIG.13



U.S. Patent Jun. 2, 2015 Sheet 8 of 10 US 9,048,295 B2

FIG.14

_ v |
\_ A vA_mmrm o0

FIG.15



U.S. Patent Jun. 2, 2015 Sheet 9 of 10 US 9,048,295 B2

\_ 7 v oggs  ere—-60
% & Ml e ? Q
R S N o R 2 AN \\\i_\»:s.,».»e'. WISENNNIN L S 'f @

I,

% L4

o o

10a

FIG.16

substrate -«-’*{\_,’g @

¥ ) ] & £ 3 ) o & ’M?Z

-

electrolessly plated laver e E 4
electroplated layer ,.%N‘w 16 17

s o

metal layer

first adhesion layer

surface diffusion blocking layer ~54

second adhesion layer S 5 5

[‘ surface protection layer #\-53

FIG.17




U.S. Patent Jun. 2, 2015 Sheet 10 of 10 US 9,048,295 B2

{ metal layer "f\‘ﬂi 8

{  electroplated layer o] 6}

100 —~X piated AU LAayer 3 17
' electrolassly %13.‘:@(5. 1ayez§ e 14
o g— s B ) ) " :

128~ ~12
}' substrate y 'g @

FIG.18

30

25 - e Samp le 4
2 r e Sample 5
15

1

heat treatment time at 300 C [hour]

amount of change in sheet resistance (%]

FIG.19



US 9,048,295 B2

1
METHOD OF MANUFACTURING
SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method of manufacturing
a semiconductor device wherein a metal functioning as a
radiator or an electrode is formed on a substrate, and also
relates to semiconductor devices manufactured by this manu-
facturing method.

2. Background Art

Chun-Wei CHANG et al. (JJAP Vol. 46, No. 4A, 2007, pp.
1409-1414) discloses a semiconductor device in which a Cu
diffusion blocking layer is formed between a substrate and an
overlying Cu layer by a vacuum film-forming method such as
vacuum deposition. The vacuum film-forming method can be
used to form films of various metals. For example, a Cu
diffusion blocking layer may be formed of Ta by a vacuum
film-forming method so as to achieve enhanced Cu diffusion
blocking effect.

Japanese Laid-Open Patent Publication No. 2011-165810
discloses a technique for forming a Pd plating layer on a GaAs
substrate by means of electroless plating. This publication
also discloses that a metal layer of Cu, etc. may be formed on
the Pd plating layer.

A Cu diffusion blocking layer formed by a vacuum film-
forming method as disclosed by Chun-Wei CHANG et al.
above tends to exhibit inadequate covering ability (or cover-
age ratio), since vacuum film-forming techniques are aniso-
tropic. It has been found, particularly, that vacuum film-
forming methods cannot form a film having high covering
ability on substrates having a projection or recess. If a Cu
diffusion blocking layer formed on a substrate has low cov-
ering ability, a portion of the Cu layer overlying the Cu
diffusion blocking layer will be in direct contact with the
substrate, so that Cu in the Cu layer diffuses through that
portion into the substrate.

The technique disclosed in the above patent publication has
been found disadvantageous in that the Pd plating layer
formed by electroless plating does not have adequate Cu
diffusion blocking effect, with the result that Cu in the metal
layer diffuses into the substrate and thereby affects the char-
acteristics of the semiconductor device.

SUMMARY OF THE INVENTION

The present invention has been made to solve the above
problems. It is, therefore, an object of the present invention to
provide a method of manufacturing a semiconductor device
in which a layer formed between a substrate and a metal layer
has high covering ability and serves to reduce diffusion of
components of the metal layer, such as Cu, into the substrate.
Another object of the invention is to provide such a semicon-
ductor device.

The features and advantages of the present invention may
be summarized as follows.

According to one aspect of the present invention, a method
of manufacturing a semiconductor device, includes the steps
ofimmersing a substrate in a solution containing metal ions to
adhere a metal catalyst to a surface of the substrate, immers-
ing the substrate with the metal catalyst adhered thereto in an
electroless plating solution to electrolessly plate a layer on the
substrate, immersing the substrate in an electroplating solu-
tion to electroplate a layer on the electrolessly plated layer
using the electrolessly plated layer as a power feeding layer,
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and forming a metal layer of Cu or Ag on the electroplated
layer. The electroplated layer is formed of a different material
than the metal layer.

According to another aspect of the present invention, a
semiconductor device includes a substrate, a first metal layer
formed on the substrate, a second metal layer formed on the
first metal layer, and a metal layer of Cu or Ag formed on the
second metal layer. The second metal layer has a larger crystal
grain size than the first metal layer.

According to another aspect of the present invention, a
method of manufacturing a semiconductor device, includes
the steps of immersing a substrate in a solution containing
metal ions to adhere a metal catalyst to a surface of the
substrate, immersing the substrate with the metal catalyst
adhered thereto in an electroless plating solution to electro-
lessly plate a layer on the substrate, plating an Au layer on the
electrolessly plated layer, immersing the substrate in an elec-
troplating solution to electroplate a layer on the plated Au
layer using the electrolessly plated layer and the plated Au
layer as power feeding layers, and forming a metal layer of Cu
or Ag on the electroplated layer. The electroplated layer is
formed of a different material than the metal layer.

Other and further objects, features and advantages of the
invention will appear more fully from the following descrip-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of a semiconductor device
in accordance with a first embodiment of the present inven-
tion;

FIGS. 2A and 2B are cross-sectional views illustrating the
difference in covering ability by layers formed by vapor depo-
sition and plating, respectively;

FIGS. 3A and 3B are graphs illustrating fine crystallization
of an electrolessly plated layers in response to heating;

FIG. 4 is a graph showing alloying of an electrolessly
plated layer of Pd;

FIG. 5 is a cross-sectional view of a semiconductor device
having a substrate with a recess formed therein;

FIG. 6 is a cross-sectional view of a semiconductor device
having a substrate with a recess formed therein;

FIG. 7 is a cross-sectional view of a semiconductor device
having a substrate with a projection formed thereon;

FIG. 8 is a cross-sectional view of a semiconductor device
having a substrate with a projection formed thereon;

FIG. 9 is a cross-sectional view of a semiconductor device
having a substrate with a through-hole formed therein;

FIG. 10 is a cross-sectional view of the semiconductor
device of the second embodiment;

FIG. 11 is a graph comparing the Cu diffusion blocking
effect of three different samples;

FIG. 12 is a cross-sectional view of the semiconductor
device of the third embodiment;

FIG. 13 is a cross-sectional view of a substrate;

FIG. 14 is a cross-sectional view of the substrate after the
support substrate has been bonded thereto;

FIG. 15 is a cross-sectional view of the substrate after the
via hole has been formed therein;

FIG. 16 is a cross-sectional view of the substrate after the
heat-radiating electrode has been formed thereon;

FIG. 17 is an enlarged view of the portion shown in the
dashed line of FIG. 16;

FIG. 18 is a cross-sectional view of the semiconductor
device of the fifth embodiment; and

FIG. 19 shows the amount of change in sheet resistance.
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DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Methods of manufacturing a semiconductor device, and
semiconductor devices, in accordance with embodiments of
the present invention will be described with reference to the
accompanying drawings. Throughout the specification the
same or corresponding components are designated by the
same reference symbols and may be described only once.

First Embodiment

FIG. 1 is a cross-sectional view of a semiconductor device
in accordance with a first embodiment of the present inven-
tion. This semiconductor device includes a substrate 10
formed of GaAs. A Pd—Ga—As layer 12 is formed on the
substrate 10. Further, a first metal layer is formed on the
substrate 10, with the Pd—Ga—As layer 12 interposed ther-
ebetween. The first metal layer is formed of NiP material by
electroless plating and hence referred to herein as the elec-
trolessly plated layer 14.

A second metal layer is formed on the first metal layer (or
electrolessly plated layer 14). The second metal layer is
formed by electroplating and hence referred to herein as the
electroplated layer 16. In this example, the electroplated layer
16 is formed of Pd. However, it may be formed of Ru, Pt, or
Rh instead of Pd. Further, the second metal layer (or electro-
plated layer 16) has a larger crystal grain size than the first
metal layer (or electrolessly plated layer 14). The electro-
lessly plated layer 14 and the electroplated layer 16 may be
hereinafter referred to collectively as the diffusion blocking
layer 17. It should be noted that an Au layer may be plated on
the first metal layer, and the second metal layer may be
formed on this plated Au layer. Thus, the plated Au layer is
interposed between the first metal layer and the second metal
layer. This prevents cracking of the second metal layer, and
furthermore the second metal layer is adhered to the first
metal layer by the plated Au layer. The plated Au layer may be
produced using any type of plating solution including, but not
limited to, a displacement Au plating solution. Further, the
plated Au layer may have a thickness of, e.g., approximately
50 nm, or less.

A metal layer 18 of Cu is formed on the second metal layer
(or electroplated layer 16). The metal layer 18 has a thickness
of, e.g., approximately 1-5 um. The Pd—Ga—As layer 12,
the electrolessly plated layer 14, the electroplated layer 16,
and the metal layer 18 serve to enhance the heat dissipation
from the semiconductor device and to provide electrical con-
tact. The metal layer 18 is preferably formed to have a greater
thickness than the other layers (i.e., the Pd—Ga—As layer
12, the electrolessly plated layer 14, and the electroplated
layer 16), since the metal layer 18 is formed of Cu and hence
has relatively good heat dissipation characteristics and low
electrical resistivity.

A method of manufacturing a semiconductor device in
accordance with the first embodiment will be described. First,
a substrate 10 is immersed in a solution containing metal ions
s0 as to adhere a metal catalyst to the surface of the substrate
10. The metal ion-containing solution is a Pd activating solu-
tion containing Pd ions, such as a palladium chloride solution.
The Pd activating solution has a Pd concentration of, e.g.,
approximately 0.1-1.0 g/L.. The substrate 10 is immersed in
the Pd activating solution at 20-30° C. for approximately 1-5
minutes while the Pd activating solution is stirred so that a
metal catalyst adheres to the surface of the substrate 10. The
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metal catalyst (i.e., Pd catalyst) then reacts with components
of the substrate 10, forming a Pd—Ga—As layer 12. The
Pd—Ga—As layer 12 thus formed contains a metal catalyst
12a.

Since the Pd concentration and temperature of the Pd acti-
vating solution affects the amount and uniformity of Pd cata-
lyst that adheres to the substrate 10, it is necessary to adjust
these parameters of the Pd activating solution so that the
interface between the substrate 10 and the Pd—Ga—As layer
12 has adequate adhesion, thereby preventing delamination
of the Pd—Ga—As layer 12, and so that the Pd—Ga—As
layer 12 has appropriate surface morphology.

Next, the substrate 10 with the metal catalyst adhered
thereto is immersed in an electroless plating solution so as to
produce an electrolessly plated layer 14. The electroless plat-
ing solution may be, e.g., a nickel sulfate solution containing
sodium hypophosphite as a reducing agent and an organic
acid as a complexing agent. This solution has a Ni concen-
tration of approximately 1-1.5 g/L.. The P concentration of the
solution may be adjusted so that the electrolessly plated layer
14 has a P content of approximately 8-10%. Such an electro-
lessly plated Ni layer has higher corrosion resistance than a
pure Ni layer. The electroless plating solution is set at a
temperature of 60-80° C. and stirred during the immersion of
the substrate 10 in the electroless plating solution.

Next, the substrate 10 is immersed in an electroplating
solution, and a layer 16 of Pd is electroplated on the electro-
lessly plated layer 14 using the electrolessly plated layer 14 as
a power feeding layer (i.e., by supplying electricity through
the electrolessly plated layer 14). Specifically, the substrate
10 is immersed in an electroplating solution, and a DC power
supply is connected to the substrate 10 and a separate plati-
num-coated titanium electrode (which is also immersed in the
electroplating solution) so that the electrolessly plated layer
14 acts as a cathode and the titanium electrode acts as an
anode. A current is then applied between the cathode (the
electrolessly plated layer 14) and the anode (the titanium
electrode) so as to effect electroplating of the electrolessly
plated layer 14 with Pd. The electroplating solution is, e.g., a
solution containing a palladium salt, such as diam-
minedichloropalladium(II) [PdCl,(NH,),], and a conductive
salt, such as NH,Cl. The Pd concentration of the solution is,
e.g., approximately 0.1-0.5%. The electroplating solution is
set at a temperature of 40-60° C. during the immersion of the
substrate 10 in the electroplating solution. It should be noted
that the electroplated layer 16 is formed of Pd and a metal
layer 18 that is subsequently formed on the electroplated
layer 16 is formed of Cu; that is, they are made of different
materials.

Next, the metal layer 18 of Cu is formed on the electro-
plated layer 16. Specifically, the substrate 10 is immersed in
a Cu plating solution, and a DC power supply is connected to
the substrate 10 and a separate phosphor copper electrode
(which is also immersed in the Cu plating solution) so that the
electroplated layer 16 acts as a cathode and the phosphor
copper electrode acts as an anode. A current is then applied
between the cathode (the electroplated layer 16) and the
anode (the phosphor copper electrode) to effect electroplating
of'the electroplated layer 16 with Cu. The Cu plating solution
is, e.g., a solution containing copper sulfate, sulfuric acid,
chlorine ions, and/or organic additive agents. When chlorine
ions are used, hydrochloric acid may be added to the plating
bath to adjust the chlorine ion concentration.

If Cu in the Cu metal layer 18 enters the substrate 10 of
GaAs, the Cu diffuses in the substrate 10 at a high rate even at
low temperatures and furthermore forms a deep acceptor
level in the substrate 10. This means that the diffusion of Cu
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into the substrate 10 results in unstable characteristics of the
semiconductor device. In order to prevent the diffusion of Cu
into the substrate 10, the semiconductor device of the first
embodiment includes the diffusion blocking layer 17 formed
between the substrate 10 and the metal layer 18.

The diffusion blocking layer 17 is required to have “high
covering ability” so as to be able to completely fill the inter-
face between the metal layer 18 and the substrate 10 and is
also required to be “of such a film quality as to have a signifi-
cant diffusion blocking effect.” The following describes the
high covering ability of the diffusion blocking layer 17 of the
first embodiment.

FIGS. 2A and 2B are cross-sectional views illustrating the
difference in covering ability by layers formed by vapor depo-
sition and plating, respectively. Specifically, FIG. 2A is a
cross-sectional view of a layer 32 formed by vapor deposition
on a substrate 30 having an opening 30A. FIG. 2B is a cross-
sectional view of a layer 34 formed by plating on the same
substrate 30 having the opening 30A. A comparison of FIGS.
2A and 2B indicates that the layer 34 formed by plating has
higher covering ability than the layer 32 formed by vapor
deposition. More specifically, the deposited layer 32 fails to
fully cover the side wall of the opening 30A, whereas the
plated layer 34 completely covers the walls of the opening
30A (i.e., exhibits high covering ability).

Thus, plating is a film-forming method capable of forming
a film having high covering ability, as compared with other
film-forming methods such as vapor deposition, sputtering,
CVD, and ion plating. Since the diffusion blocking layer 17 of
the first embodiment is made up of the electrolessly plated
layer 14 and the electroplated layer 16, which are produced by
plating, the diffusion blocking layer 17 has high covering
ability. Therefore, the diffusion blocking layer 17 can be
formed to completely fill the interface between the metal
layer 18 and the substrate 10.

Attention is now directed to the fact that the diffusion
blocking layer 17 is of such a film quality as to have a sig-
nificant diffusion blocking effect. Copper (Cu) in the metal
layer 18 migrates to the diffusion blocking layer 17 and
diffuses therein primarily via grain boundary diffusion.
Therefore, the diffusion blocking layer 17 is preferably amor-
phous, which means that it has no grain boundaries. However,
as aresult of the present inventor’s intensive study, ithas been
found that, although the electrolessly plated layer 14 of the
diffusion blocking layer 17 is amorphous, hence has no grain
boundaries, and is capable of preventing grain boundary dif-
fusion immediately after its formation, the electrolessly
plated layer 14 transforms into a fine crystalline form when
later subjected to heat treatment, e.g., at approximately 200°
C.

FIGS. 3A and 3B are graphs illustrating fine crystallization
of an electrolessly plated layer in response to heating. Spe-
cifically, FIG. 3A shows x-ray diffraction results of a sample
before it was subjected to heat treatment. This sample was
produced by electrolessly plating a layer of Pd on a GaAs
substrate to a thickness of 300 nm and then further electro-
lessly plating a layer of NiP on the electrolessly plated Pd
layer to a thickness of 100 nm. The diffraction peak shown in
FIG. 3A is broad, indicating that the sample (made up of two
electrolessly plated layers, as described above) was amor-
phous immediately after its formation.

FIG. 3B shows x-ray diffraction results of the sample after
it was subjected to heat treatment at 250° C. for 4 hours. The
x-ray diffraction results of FIG. 3B exhibit a plurality of
peaks, indicating crystallization of the sample (made up of
two electrolessly plated layers). It follows from these x-ray
diffraction results of the sample that the electrolessly plated
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layer 14 of the present embodiment transforms into an aggre-
gate of small-sized crystal grains when subjected to heat
treatment and hence has many grain boundaries after the heat
treatment, resulting in a decreased Cu diffusion blocking
effect.

In contrast, the electroplated layer 16, which is produced
by electroplating, has a larger crystal grain size than the
electrolessly plated layer 14. Therefore, the electroplated
layer 16 has fewer grain boundaries and hence a higher Cu
diffusion blocking effect than the electrolessly plated layer
14. Further, it is possible to minimize the diffusion of atoms
from the electroplated layer 16 into adjacent layers when the
electroplated layer 16 is heat treated, since the electroplated
layer 16 has relatively few grain boundaries. Thus, the elec-
troplated layer 16 has high thermal stability, resulting in an
enhanced Cu diffusion blocking effect of the diffusion block-
ing layer 17. In other words, the diffusion blocking layer 17 is
of'such a film quality as to have a significant diffusion block-
ing effect, since it includes the electroplated layer 16.

As described above, the Cu diffusion blocking effect of the
electrolessly plated layer 14 is relatively small, since it
includes many grain boundaries. However, the electrolessly
plated layer 14 serves as a power feeding layer when forming
the electroplated layer 16. That is, since the substrate 10 has
low conductivity, it is not possible to directly electroplate a
layer on the substrate 10. Therefore, the electrolessly plated
layer 14 is provided on the substrate 10 and used as a power
feeding layer for forming the electroplated layer 16. Further,
the electrolessly plated layer 14 also serves as an adhesion
layer for enhancing the adhesion between the substrate 10 and
the metal layer 18.

It should be noted that since the Pd—Ga—As layer 12,
which separates the electrolessly plated layer 14 from the
substrate 10, is very thin, components of the electrolessly
plated layer 14 may mix with those of the substrate 10 due to
heat treatment so as to form an alloy. FIG. 4 is a graph
showing alloying of an electrolessly plated layer of Pd. This
sample (or electrolessly plated layer) was produced by elec-
trolessly plating a layer of Pd on a GaAs substrate to a thick-
ness of 100 nm and then heat-treating the layer in a nitrogen
atmosphere at 250° C. for 4 hours. An elemental depth profile
of'this sample was obtained using depth Auger electron spec-
troscopy.

As can be seen from FIG. 4, electrolessly plating a layer of
Pd on a GaAs substrate tends to result in formation of an alloy
of' Pd and GaAs, since GaAs will diffuse into the electrolessly
plated Pd layer. In order to avoid this, the electrolessly plated
layer 14 is preferably formed of NiP if the substrate 10 is
GaAs.

Although the substrate 10 of the semiconductor device of
the first embodiment has a flat surface, it is to be understood
that the present invention is not limited to this type of sub-
strate. In other embodiments, the substrate 10 may have a
recess, projection, or through-hole in its surface. FIG. 5 is a
cross-sectional view of a semiconductor device having a sub-
strate 30 with a recess 30B formed therein. FIG. 6 is a cross-
sectional view of a semiconductor device having a substrate
30 with a recess 30C formed therein. FIG. 7 is a cross-
sectional view of a semiconductor device having a substrate
30 with a projection 30D formed thereon. FIG. 8 is a cross-
sectional view of a semiconductor device having a substrate
30 with a projection 30E formed thereon. FIG. 9 is a cross-
sectional view of a semiconductor device having a substrate
30 with a through-hole 30F formed therein.

When a recess, projection, or through-hole is to be formed
in the surface of a substrate, it is produced by dry etching,
such as reactive ion etching or plasma etching, or by wet
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etching in acid or alkali. However, wet etching is particularly
likely to cause side etching, or undercut. Further, certain wet
etching solutions exhibit a difference in etching rate between
different crystal plane orientations and between different
crystal materials of the object to be etched, thereby etching
the object into a mesa or inverted mesa shape.

In such cases, it is difficult to form a uniform layer over the
object by use of a film-forming technique having anisotropic
tendency, such as vapor deposition. In the semiconductor
device manufacturing method of'the first embodiment, on the
other hand, the diffusion blocking layer 17 is formed by
plating and hence exhibits high covering ability even if the
surface of the substrate is provided with a recess, projection,
or through-hole.

In the present embodiment, the metal layer 18 is formed of
Cu and hence is low-cost, as compared to layers formed of
noble metals such as Au. However, the metal layer 18 may be
formed of Ag instead of Cu. Since Ag has higher electrical and
thermal conductivity than any other metal, if the metal layer
18 is formed of Ag, the semiconductor device can be manu-
factured to have high electrical conductivity and good heat
dissipation characteristics. It should be noted that the metal
layer 18 may be formed using any suitable method such as
vapor deposition, sputtering, or plating, whether it is formed
of Cu or Ag. It should be noted that when a layer of Cu (such
as the metal layer 18) is formed on a substrate having a recess,
Cu may be grown or deposited selectively in the recess rela-
tive to flat portions of the substrate so as to fill the recess. This
is preferably achieved by an electroplating method. The plat-
ing solution used is a copper sulfate plating bath containing,
e.g., sulfuric acid, chlorine ions, and organic additive agents.
These additive agents include an accelerating agent (an accel-
erator or brightener), a suppressing agent (a suppressor or
carrier), or a leveling agent (or leveler).

When the surface of the substrate 10 exhibits poor wetta-
bility, the substrate 10 may be subjected to pretreatment such
as oxygen ashing or ozone ashing before a metal catalyst is
adhered to the surface of the substrate 10. Further, in order to
enhance the adhesion between the diffusion blocking layer 17
and the substrate 10, the substrate 10 may be cleaned in an
acid or alkali solution having the effect of removing surface
oxide films. Specifically, hydrofluoric acid-based solution
treatment is preferably used to remove surface oxide films
from Si and SiC substrates, and hydrochloric acid-based solu-
tion treatment is preferably applied to remove surface oxide
films from GaAs and GaN substrates. Further, sulfuric acid-
based or hydrofluoric acid-based solution treatment is pref-
erably applied to InP substrates.

The electrolessly plated layer 14 may be formed of an
elemental metal, such as Ni, Co, Pd, Cu, Ag, Au, Pt, Sn, Ru,
or Rh, or an alloy, such as NiB, NiCoWP, NiMoP, CoP,
CoNiP, CoWP, CoSnP, CoZnP, or CoMnP. Alloy plating has
different properties than elemental metal plating; for
example, alloy plating provides enhanced corrosion resis-
tance.

Electroless plating solutions comprise a metal salt, a reduc-
ing agent, a buffering agent, a complexing agent, and a fixing
agent, etc. In the case of electroless Ni plating solutions,
examples of metal salts include nickel sulfate, nickel chlo-
ride, nickel acetate, nickel carbonate, nickel sulfamate, and
other nickel salts; examples of reducing agents include
sodium phosphinate (NaH,PO,.H,0) and dimethylamine
borane (DMAB); examples of buffering agents include
monocarboxylic acids (such as formic acid and acetic acid)
and alkali metal salts thereof; and examples of complexing
agents includes organic acids (such as citric acid), ethylene-
diamine tetraacetic acid (EDTA), and ammonia, etc.
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Electroless Pd plating solutions are often prepared using a
palladium chloride (a palladium salt). The reducing agent
used is typically ethylenediamine tetraacetic acid (EDTA)
used together with a phosphinate serving as a complexing
agent.

Electroless Au plating solutions are broadly divided into
two types: displacement Au plating solutions, which are used
for displacement plating of a substrate metal surface with Au;
and autocatalytic Au plating solutions, which contain a reduc-
ing agent for depositing a gold film. Displacement Au plating
solutions are prepared using sodium gold sulfite with the
addition of complexing agents such as a sulfite salt, mercap-
tosuccinic acid, and ethylenediamine tetraacetic acid
(EDTA). A chelating agent may be added to the solutions to
fix metal ions during plating. Any suitable type of water-
soluble chelating agent may be used; typical examples of such
chelating agents include thallium compounds such as thal-
lium sulfate, thallium nitrate, thallium oxide, thallium chlo-
ride, and thallium malonate.

Autocatalytic Au plating solutions are used in a strongly
alkaline bath and prepared using a gold cyanide complex,
such as gold(I) potassium cyanide (KAu(CN),) or gold(Il)
potassium cyanide (KAu(CN),), with the addition of potas-
sium tetrahydroborate or dimethylamine borane (DMAB) as
a reducing agent.

In current practice, electroless Cu plating solutions are
prepared using copper sulfate as a metal salt for supplying
copper ions, with the addition of a reducing agent. A typical
example of a reducing agent is formaldehyde. Other
examples of reducing agents include potassium tetrahydrobo-
rate, dimethylamine borane, and glyoxylic acid. Further, in
order to increase the plating rate, the plating bath is made
strongly alkaline. Examples of PH control agents include
sodium hydroxide, potassium hydroxide, and lithium hydrox-
ide.

In strongly alkaline plating baths for electroless Cu plating,
copper ions tend to be precipitated as hydroxide. Examples of
complexing agents for preventing such precipitation include
Rochelle salt, EDTA, glycerol, meso-erythritol, adonitol,
D-mannitol, D-sorbitol, dulcitol, iminodiacetic acid, trans-1,
2-cyclohexanediamine tetraacetic acid, triethanolamine, and
ethylenediamine. A decrease in the stability of the bath, e.g.,
decomposition of the plating solution, is caused primarily by
copper powder in the solution, which powder is generated by
disproportionation reaction of CuO, (CuO2+H20—Cu+
Cu2++20H—). Methods for avoiding this problem include
agitation of the plating solution by air and addition of a fixing
agent to the bath.

Examples of fixing agents include cyanide, thiourea, bipy-
ridyl, o-phenanthroline, and neocuproine, which form a com-
plex preferentially with monovalent copper. An accelerating
agent such as 8-hydroxy-7-iodo-5-quinolinesulfonic acid is
added to the plating bath to increase the plating rate without
degrading the stability of the bath.

Electroless Pt plating solutions are prepared using a plati-
num salt, such as dinitrodiammine platinum or potassium
tetranitro-platinate, a reducing agent, such as hydrazine, and
a fixing agent, such as hydroxylamine salt.

Electroless Rh plating solutions are prepared using a
rhodium salt, such as rhodium amine nitrite, rhodium chlo-
ride amine, ammonium di(pyridine-2,6-dicarboxylate) rhod-
um(III), rhodium acetate, or rhodium chloride, and a reduc-
ing agent, such as hydrazine or sodium tetrahydroborate. The
plating solutions are used in a plating bath which is made
alkaline by addition of ammonia, etc.

Electroless Ru plating solutions are prepared using a ruthe-
nium salt, such as tetraamminediaquaruthenium phosphate or
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ruthenium sulfate, and a reducing agent, such as sodium
tetrahydroborate. The plating solutions are used in a plating
bath which is made alkaline by addition of ammonia, etc., or
made acidic by addition of sulfuric acid, etc.

Electroless Co plating solutions are prepared using cobalt
sulfate and sodium phosphinate as its principal components,
with the addition of a complexing agent such as a citrate,
tartrate, or pyrophosphate.

Examples of metals which can be electroplated include Zn,
Ir, In, Cd, Au, Ag, Cr, Co, Sn, Fe, Cu, Pb, Ni, Pt, Pd, Bi, Mn,
Mo, Rh, and Ru. Any suitable method can be used to produce
the electroplated layer 16. Examples of such methods include
DC plating, pulse plating, and reverse pulse plating. Electro-
plating solutions comprise a metal salt, an electrically con-
ductive salt, an anode dissolution accelerating agent, a com-
plexing agent, and additive agents, etc. It should be noted that
when the substrate to be plated has a via structure, pulse
plating or reverse pulse plating may be used to enhance the
covering ability of the electroplated layer, as compared to the
use of DC plating.

Nickel (Ni) electroplating solutions are used in an acidic
bath such as a Watt bath, a chloride bath, a sulfamate bath, or
a Wood’s bath. The Watt bath contains nickel sulfate, nickel
chloride, and boric acid, etc. The chloride bath contains
nickel chloride and boric acid, etc. Further, the sulfamate bath
contains nickel sulfamate, nickel chloride, and boric acid, etc.
The Wood’s bath contains nickel chloride and hydrochloric
acid, etc.

Nickel electroplating solutions may contain an anode solu-
bilzing agent, a PH buffering agent, or additive agents for
reducing stress in electrodeposits or improving surface con-
ditions. Examples of additive agents include primary bright-
ening agents, such as saccharine, naphthalene sodium (di-,
tri-) sulfonate, sulfonamide, and sulfinic acid, and secondary
brightening agents, such as 1,4-butynediol and coumarin.
Anodes used for nickel plating preferably have a high degree
of purity and uniformly dissolve during plating without gen-
eration of anode slime. Examples of anode materials include
electrolytic nickel, depolarized nickel, carbonized nickel, and
sulfur-containing nickel.

In current practice, Pd electroplating solutions are pre-
pared using diamminedichloropalladium(II) [PdC1,(NH;),]
(apalladium salt), a conductive salt, and a pH buffering agent
(NH,CI or K,HPO,). They are used in a neutral or alkaline
ammine complex bath. The anode used is an insoluble anode
such as a platinum-coated titanium electrode. The bath may
contain an organic compound, such as saccharine or 1,3,6-
naphthalene trisulfonate, as a primary brightening agent, and
may also contain another organic compound, such as cou-
marin, as a secondary brightening agent.

Ruthenium (Ru) electroplating solutions are prepared
using ruthenium sulfate (a ruthenium salt) and used in a
plating bath which is made acidic by addition of sulfamic
acid, etc.

In current practice, Pt electroplating solutions are prepared
using cis-dinitrodiamine platinum (a platinum salt), and used
in a plating bath which is made neutral or acidic by addition
of ammonium nitrite, sodium nitrite, or aqueous ammonia,
etc.

Gold (Au) electroplating solutions are typically prepared
s0 as to form a cyanide bath or a sulfurous acid bath. Exem-
plary such alkaline cyanide baths contain a gold salt, potas-
sium gold(I) cyanide, potassium cyanide serving as a free-
cyanide-ion source, potassium carbonate for enhancing
electrodeposition, and dipotassium hydrogenphosphate serv-
ing as a pH buffering agent. Exemplary sulfurous acid baths,
on the other hand, contain a gold salt, sodium gold(I) sulfite,
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sodium sulfite, and phosphorous acid and are adjusted to
approximately pHS8. In order to improve the quality of the
plated Au film produced, these baths may contain a trace
amount of a thallium compound and/or a trace amount of
ethylene diamine, etc. serving as a fixing agent for reducing
decomposition of gold(I) sulfite complex.

It should be noted that the additive concentration may be
managed using a Hull cell test or cyclic voltammetric strip-
ping (CVS), etc.

When the metal layer 18 is to be formed of Cu, a copper
sulfate electroplating bath, a copper pyrophosphate electro-
plating bath, or a copper cyanide electroplating bath may be
used. Copper sulfate baths are often used for the manufacture
of semiconductor devices. Copper sulfate baths typically
comprise CuSO,.5H,0, sulfuric acid, chlorine ions, and
organic additive agents. These additive agents often include
an accelerating agent (an accelerator or brightener), a sup-
pressing agent (a suppressor or carrier), and/or a leveling
agent (or leveler), especially when a via structure is to be
filled with Cu.

In this case, the accelerating agent has the effect of pro-
moting the growth, or deposition, of copper preferentially on
the bottoms of the vias, and the suppressing agent adheres to
the plated copper surface so as to suppress the growth of
copper outside the vias. Further, the leveling agent acts on the
suppressing agent so that the suppressing agent moves in the
solution at a speed equal to the diffusion limitation, thereby
suppressing the growth of copper outside the vias. Since these
agents serve their functions with the aid of chlorine ions, it is
important to control the concentration of chlorine ions, as
well as those of the additive agents. Examples of suppressing
agents include polyether compounds, typified by polyethyl-
ene glycol (PEG). Examples of accelerating agents include
organic sulfur compounds having a sulfo group, typified by
bis(3-sulfopropyl)disulfide (SPS). Examples of leveling
agents include quatemary amine compounds, typified by
Janus Green B (JGB).

The electroplating bath for forming the metal layer 18 is
preferably maintained at approximately 20-30° C. The anode
used is typically a soluble anode and is preferably made of
high phosphorous copper in order to minimize generation of
anode slime. The anode preferably has a phosphorous content
of approximately 0.04-0.06%.

The material of the substrate 10 is not limited to GaAs. For
example, the substrate 10 may be formed of Si, SiC, GaN, or
InP instead of GaAs. Further, at least one epitaxial layer may
be formed on the substrate 10, and the diffusion blocking
layer 17 may be formed on the at least one epitaxial layer.

When the substrate 10 is formed of a compound semicon-
ductor such as GaAs, the substrate 10 is highly reactive with
the metal activating solution used, which facilitates adhesion
between the substrate and the electrolessly plated layer
formed thereon. When the substrate 10 is formed of Si-based
material, on the other hand, it is difficult to ensure adhesion
between the substrate 10 and the electrolessly plated layer 14,
since the substrate 10 is poorly reactive with the metal acti-
vating solution. In order to overcome this problem, the sub-
strate may be subjected to catalyst treatment using a metal
activating solution containing buffered hydrofluoric acid
after forming a silicon oxide film on the surface of the sub-
strate (see Japanese Laid-Open Patent Publication No. 2005-
336600).

The solution baths for storing the metal activating solution
(Pd activating solution), the electroless plating solution, or
the electroplating solution may be made of a material such as
borosilicate glass which is resistant to high temperatures and
to the formation of a film thereon, in order to minimize the
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formation of a film on the solution baths. If the substrate is
held in a cassette while it is plated, then the cassette is pref-
erably formed of a material having chemical resistance, such
as a perfluoroalkoxy fluoroplastic (PFA). Further, the stirring
bar used in the plating process and the handle used for holding
the cassette may also be formed of a material having chemical
resistance.

The above alterations to the semiconductor device manu-
facturing method and the semiconductor device of the first
embodiment may also be made to the semiconductor device
manufacturing methods and the semiconductor devices of the
subsequently described embodiments.

Second Embodiment

A second embodiment of the present invention provides a
method of manufacturing a semiconductor device and also
provides a semiconductor device. These method and semi-
conductor device have many features common to the method
and semiconductor device of the first embodiment. Therefore,
the following description of the second embodiment will be
primarily limited to the differences from the first embodi-
ment. FIG. 10 is a cross-sectional view of the semiconductor
device of the second embodiment. The semiconductor device
includes an electroplated layer 50 which contains Ge.

The electroplated layer 50 is formed in an electroplating
solution containing Ge oxide. The Ge oxide concentration of
the electroplating solution is preferably 0.1-1000 mg/L. in
terms of Ge atom. The use of a Ge oxide-containing electro-
plating solution to produce the electroplated layer 50 results
in co-deposition of the base metal (Pd) and Ge. The Ge
concentration of the electroplated layer 50 is preferably in the
range of from 1 ppm to 10000 ppm, inclusive.

The advantages resulting from forming the Ge-containing
electroplated layer will be described. FIG. 11 is a graph
comparing the Cu diffusion blocking effect of three different
samples. Sample 1 was produced as follows: a first NiP layer
(having a thickness of 0.5 um) was formed on a GaAs sub-
strate in an electroless plating solution after applying catalyst
treatment to the surface of the substrate using a Pd activating
solution; a first Pd layer (0.2 um) was then formed on the first
NiP layer in an electroless plating solution; a Cu layer (a
metal layer having a thickness of 3 pm) was then formed on
the first Pd layer in an electroplating solution; a second NiP
layer (0.5 um) was then formed on the Cu layer in an electro-
less plating solution; a second Pd layer (0.2 pm) was then
formed on the second NiP layer in an electroless plating
solution; and an Au layer (0.05 um) was then formed on the
second Pd layer in a displacement plating solution. Thus, the
diffusion blocking layer of Sample 1 (between the GaAs
substrate and the Cu layer) includes only electrolessly plated
layers.

Sample 2 was produced as follows: a first NiP layer (0.5
um) was formed on a GaAs substrate in an electroless plating
solution after applying catalyst treatment to the surface of the
substrate using a Pd activating solution; a first Pd layer (0.2
um) was then formed on the first NiP layer in an electroplating
solution; a Cu layer (a metal layer having a thickness of 3 um)
was then formed on the first Pd layer in an electroplating
solution; a second NiP layer (0.5 pm) was then formed on the
Cu layer in an electroless plating solution; a second Pd layer
(0.2 um) was then formed on the second NiP layer in an
electroplating solution; and an Au layer was then formed on
the second Pd layer in a displacement plating solution. Thus,
the diffusion blocking layer of Sample 2 (between the GaAs
substrate and the Cu layer) includes an electrolessly plated
layer and an electroplated layer.
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Sample 3 was produced as follows: a first NiP layer (0.5
um) was formed on a GaAs substrate in an electroless plating
solution after applying catalyst treatment to the surface of the
substrate using a Pd activating solution; a first Pd layer (0.2
um) was then formed on the first NiP layer in an electroplating
solution containing Ge oxide; a Cu layer (a metal layer having
a thickness of 3 um) was then formed on the first Pd layer in
an electroplating solution; a second NiP layer (0.5 um) was
then formed on the Cu layer in an electroless plating solution;
asecond Pdlayer (0.2 um) was then formed on the second NiP
layer in an electroplating solution; and an Au layer was then
formed on the second Pd layer in a displacement plating
solution. Thus, the diffusion blocking layer of Sample 3 (be-
tween the GaAs substrate and the Cu layer) includes an elec-
troplated layer containing Ge.

Samples 1 to 3 have a multilayer structure including GaAs/
NiP/Pd/Cu/NiP/Pd/Au layers (where the layer or layers on
the right side of each symbol “I” overlie the layer or layers on
the left side of the symbol). Specifically, in Sample 1, the NiP
layer and the Pd layer that are disposed between the GaAs
substrate and the Cu layer are electrolessly plated layers. In
Sample 2, the NiP layer and the Pd layer that are disposed
between the GaAs substrate and the Cu layer are an electro-
lessly plated layer and an electroplated layer, respectively.
Sample 3 is similar in composition to Sample 2, except that
the Pd layer between the substrate and the Cu layer contains
Ge.

These samples are heat treated, and the amount of change
in sheet resistance of each sample due to heat treatment was
measured and plotted against heat treatment time. In FIG. 11,
the vertical axis represents the amount of increase or change
in sheet resistance of each sample due to heat treatment,
expressed in percentage of the sheet resistance of the sample
before the heat treatment, that is, [(the sheet resistance of each
sample after heat treatment/that of the sample before the heat
treatment)-1]x100(%); and the horizontal axis represents
heat treatment time. The amount of change in sheet resistance
of each sample due to heat treatment is dependent primarily
on the amount of change in resistance of the metal layer of the
sample due to the heat treatment, since the metal layer has a
relatively large thickness of 3 um and relatively low resistiv-
ity. If Cu in the metal layer diffuses into the GaAs substrate
due to heat treatment, the thickness of the metal layer
decreases, resulting in increased sheet resistance. This means
that a decrease in the diffusion blocking effect of the diffusion
blocking layer results in an increase in the sheet resistance.
Therefore, in order to reduce the amount of change in sheet
resistance of each sample due to heat treatment, it is necessary
to increase the diffusion blocking effect of the diffusion
blocking layer.

As can be seen from FIG. 11, the amount of change in sheet
resistance of Sample 1 due to heat treatment rapidly increased
as the heat treatment time was increased beyond approxi-
mately 60 hours, and the amount of change in sheet resistance
of' Sample 2 due to heat treatment rapidly increased as the heat
treatment time was increased beyond approximately 500
hours. This means that the diffusion blocking effect of the
diffusion blocking layers of these samples is inadequate. It
should be noted that observation of Samples 1 and 2 under a
scanning electron microscope (SEM) after the rapid increase
in their sheet resistance revealed that the metal layers (Cu
layers) of both samples had decreased in thickness.

On the other hand, the amount of change in sheet resistance
of Sample 3 due to heat treatment did not rapidly increase as
the heat treatment time was increased to even 1000 hours,
meaning that the diffusion blocking layer of Sample 3 has a
significant diffusion blocking effect. It should be noted that
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elemental analysis of each sample by Auger electron spec-
troscopy after 500 hours of heat treatment of the sample
showed that Cu had diffused into the GaAs substrate of
Sample 1 whereas there was no sign of Cu diffusion into the
GaAs substrates of Samples 2 and 3. This means that the
electroplated layers of Samples 2 and 3 have a Cu diffusion
blocking effect.

In summary, electroplated layers have a greater Cu diffu-
sion blocking effect than electrolessly plated layers, and the
addition of Ge to an electroplated layer further increases its
Cu diffusion blocking effect.

As described above, Cu in the metal layer 18 migrates to an
adjacent layer (e.g., the electroplated layer 50) and diffuses
therein primarily via grain boundary diffusion. Therefore, the
reason that the electroplated layer 50 containing Ge has an
increased Cu diffusion blocking effect is thought to be that Ge
in the electroplated layer 50 transforms the grain boundaries
of the electroplated layer 50 so as to reduce grain boundary
diffusion. Although the mechanisms for this transformation
have not been elucidated, it is considered that Ge in the
electroplated layer 50 may act to reduce the difference in
orientation between adjacent crystal grains and thereby
reduce the widths of grain boundaries, or may be located at
grain boundaries so as to reduce grain boundary diffusion.

It should be noted that since the electroplated layer 50
contains Ge, it has increased resistance to high temperatures.

The method of manufacturing a semiconductor device in
accordance with the second embodiment uses an electroplat-
ing solution containing Ge oxide. However, an electroplating
solution containing any suitable compound may be used
instead while still retaining the advantages described above.
Examples of such compounds include Ge compounds, As
compounds, Se compounds, B compounds, P compounds, Te
compounds, Sb compounds, T1 compounds, Pb compounds,
and S compounds which are capable of serving as a crystal
control agent for altering the grain boundaries of the electro-
plated layer. Examples of such Ge compounds include Ge
oxide, as described above. Examples of such As compounds
include potassium arsenite. Examples of such Se compounds
include selenious acid. Examples of such B compounds
include dimethylamine borane. Examples of such P com-
pounds include sodium hypophosphite. Examples of such Te
compounds include potassium tellurate. Examples of such Sb
compounds include potassium antimonate. Examples of such
T1 compounds include thallium formate, thallium malonate,
thallium sulfate, and thallium nitrate. Examples of such Pb
compounds include lead citrate, lead nitrate, and lead alkane-
sulfonate. Examples of such S compounds include sodium
thiosulfate. Therefore, the electroplated layer 50 can have the
diffusion blocking effect described above if it contains Ge,
As, Se, B, P, Te, Sb, T1, Pb, or S. The concentration of Ge, As,
Se, B, P, Te, Sb, TL, Pb, or S in the electroplated layer 50 is
preferably in the range of from 1 ppm to 10000 ppm, inclu-
sive.

Third Embodiment

A third embodiment of the present invention provides a
method of manufacturing a semiconductor device and also
provides a semiconductor device. These method and semi-
conductor device have many features common to the method
and semiconductor device of the first embodiment. Therefore,
the following description of the third embodiment will be
primarily limited to the differences from the first embodi-
ment. FIG. 12 is a cross-sectional view of the semiconductor
device of the third embodiment. This semiconductor device
has a surface protection layer 58 on its top surface.
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The method of manufacturing a semiconductor device in
accordance with the third embodiment will now be described.
After forming the diffusion blocking layer 17 and the metal
layer 18 by the method of the first embodiment, a first adhe-
sion layer 52 is formed on the metal layer 18. Specifically, the
first adhesion layer 52 is formed by immersing the substrate
10 in an electroless NiP plating solution.

The first adhesion layer 52 is formed of NiP material,
which has relatively high internal stress. If a layer of NiP
material is formed on a thin substrate to a thickness of 1 um or
more, the substrate will warp. In order to avoid this problem,
the thickness of the first adhesion layer 52 is preferably less
than 1 pum. It should be noted that a Ni film having a thickness
of 1 um or less tends to have pinholes if it is formed by
electroplating, but does not if it is formed by electroless
plating.

Next, a surface diffusion blocking layer 54 is formed on the
first adhesion layer 52 by electroplating. Specifically, the
substrate 10 is immersed in a Pd plating solution containing
Ge oxide, and a DC power supply is connected to the substrate
and a separate platinum-coated titanium electrode (which is
also immersed in the Pd plating solution) so that the substrate
acts as a cathode and the titanium electrode acts as an anode.
A current is then applied between the cathode (the substrate)
and the anode (the titanium electrode) to form the surface
diffusion blocking layer 54.

A second adhesion layer 56 is then formed on the surface
diffusion blocking layer 54. The second adhesion layer 56 is
formed in the same manner as the first adhesion layer 52. A
surface protection layer 58 is then formed on the second
adhesion layer 56. Specifically, the surface protection layer
58 is formed of Au and produced by immersing the substrate
10 in a displacement Au plating solution. The displacement
Au plating solution contains, e.g., sodium gold sulfite, a
sulfite salt, or a chelating agent. The gold concentration in the
solution is preferably 1-5 g/L.. The temperature of the plating
bath is preferably approximately 60-80° C.

The surface protection layer 58 of Au, which is an oxida-
tion resistant material, covers and is exposed at the top surface
of the semiconductor device of the third embodiment. This
prevents oxidation and corrosion of the metal layer 18, result-
ing in improved moisture resistance and improved stability in
characteristics of the semiconductor device. Further, since the
surface protection layer 58 is made of Au, it has increased
solder wettability, facilitating wetting of the top surface of the
semiconductor device with solder.

Further, since the surface diffusion blocking layer 54 is
formed on the Cu metal layer 18 by electroplating, it is
unlikely that Cu in the metal layer will diffuse to the surface
protection layer 58 via grain boundary diffusion, thus pre-
venting reaction of the metal layer 18 with the surface pro-
tection layer 58 and the resulting formation of an alloy.

The formation of the surface diffusion blocking layer 54
allows for a reduction in the thickness of the surface protec-
tion layer 58, which is formed of expensive Au, resulting in
decreased cost of the semiconductor device. It should be
noted that die bonding to the surface of the surface protection
layer 58 by use of Ag paste or AuSn solder requires heat
treatment during or after the bonding process. If it were not
for the surface diffusion blocking layer 54, such heat treat-
ment might result in formation of an alloy of the bonding
material and Cu in the metal layer 18 and therefore cause
peeling of the bonding material. In the semiconductor device
of'the third embodiment, however, the presence of the surface
diffusion blocking layer 54 prevents such alloy formation.

The material of the first and second adhesion layers 52 and
56 may be any suitable Ni- or Ti-based metal. Further, the first
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adhesion layer 52 is not required if the adhesion between the
metal layer 18 and the surface diffusion blocking layer 54 is
sufficient without the first adhesion layer 52, and the second
adhesion layer 56 is not also required if the adhesion between
the surface diffusion blocking layer 54 and the surface pro-
tection layer 58 is sufficient without the second adhesion
layer 56.

The surface protection layer 58 may be formed of any
suitable material having greater oxidation resistance than the
metal layer 18. For example, the surface protection layer 58
may be formed of a noble metal such as Pt, Pd, or Rh. Further,
the surface protection layer 58 may be formed of an insulator,
such as silicon oxide, silicon nitride, polyimide, or BCB, ora
semiconductor, such as silicon.

The surface diffusion blocking layer 54 is preferably
formed by electroplating in order to enhance its diffusion
blocking effect. Therefore, the surface diffusion blocking
layer 54 may be formed of Ni, Pd, Mo, Rh, or Ru by electro-
plating. Further, the surface diffusion blocking layer 54 may
be formed of a metal which provides a greater diffusion
blocking effect than Pd. Examples of such metals include Ti,
TiN, Ta, TaN, W, and WN. Further, the surface diffusion
blocking layer 54 may be produced by electroless plating and
formed of a Co-based metal, such as CoWP, or a Ni-based
metal, such as NiP, or formed of Pt, Pd, Rh, or Ru. Such an
electrolessly plated layer also has some diffusion blocking
effect.

It should be noted that the diffusion blocking effect of the
surface diffusion blocking layer 54 need not be as great as that
of' the diffusion blocking layer 17, since the surface diffusion
blocking layer 54 only needs to prevent diffusion from the
metal layer 18 whereas the diffusion blocking layer 17 needs
to prevent counter-diffusion between Cu in the metal layer 18
and components of the substrate 10. Therefore, the surface
diffusion blocking layer 54 may be formed of a metal and
produced by electroless plating, vapor deposition, or sputter-
ing, etc., instead of electroplating.

The surface protection layer 58 may be made of a material
having greater oxidation resistance than the metal layer 18
and directly formed on and in contact with the metal layer 18,
thereby omitting the first adhesion layer 52, the surface dif-
fusion blocking layer 54, and the second adhesion layer 56. In
this case, the surface protection layer may be formed of, e.g.,
Pd. A Pd layer has greater oxidation resistance than the metal
layer 18 of Cu or Ag and has some Cu diffusion blocking
effect.

It should be noted that the above surface protection layer 58
may be formed on the semiconductor device of the second
embodiment.

Fourth Embodiment

A fourth embodiment of the present invention provides a
method of manufacturing a semiconductor device having a
via structure, wherein the via structure is formed by a method
similar to that of the third embodiment. FIG. 13 is a cross-
sectional view of a substrate having an electrode thereon after
the electrode has been formed by the first step of the semi-
conductor device manufacturing method of the fourth
embodiment. The method of the fourth embodiment proceeds
as follows. First, an electrode 60 is formed on the top surface
of a substrate 10A formed of GaAs. In this step, device
structures such as transistors are also formed on the top sur-
face of the substrate 10A.

Next, a support substrate is bonded to the top surface of the
substrate 10A. FIG. 14 is a cross-sectional view of the sub-
strate 10A after the support substrate has been bonded
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thereto. Specifically, in this step, a support substrate 64 of
sapphire or synthetic quartz having a thickness of approxi-
mately 1 mm and held by an adhesive material 62 such as wax
or tape is bonded to the top surface of the substrate 10A.

A via hole is then formed in the substrate 10. FIG. 15is a
cross-sectional view of the substrate after the via hole has
been formed therein. Specifically, in this step, the substrate 10
is etched from the bottom surface side thereof so as to form a
via hole 10a which penetrates through the substrate 10 and
extends from the bottom surface of the substrate 10 to the
bottom surface of the electrode 60.

A heat-radiating electrode is then formed. FIG. 16 is a
cross-sectional view of the substrate after the heat-radiating
electrode has been formed thereon. The heat-radiating elec-
trode 70 has layers described in connection with the third
embodiment. Specifically, the heat-radiating electrode 70
includes the Pd—Ga—As layer 12 (formed as a result of
adhesion of a metal catalyst to the substrate), the electrolessly
plated layer 14, the electroplated layer 16, the metal layer 18,
the first adhesion layer 52, the Pd layer 54, the second adhe-
sion layer 56, and the surface protection layer 58. These
layers of the heat-radiating electrode 70 are formed to extend
over the inner wall of the via hole 10a and the bottom surface
of the electrode 60.

FIG. 17 is an enlarged view of the portion shown in the
dashed line of FIG. 16. FIG. 17 shows the layers of the
heat-radiating electrode 70. The heat-radiating electrode 70
has significantly high covering ability, since it includes the
diffusion blocking layer 17, which is formed by plating. This
means that the diffusion blocking layer 17 can be formed to
cover the entire inner wall of the via hole 20a.

In the field of compound semiconductor devices, etc.,
devices are often configured to have heat-radiating elec-
trodes, which are electrodes having good heat dissipation
characteristics. It should be noted that heat-radiating elec-
trodes formed solely of Au are expensive although they have
stable characteristics. The heat-radiating electrode 70 of the
fourth embodiment, on the other hand, includes the Cu metal
layer 18, etc., in addition to the surface protection layer 58 of
Au, resulting in decreased manufacturing cost of the semi-
conductor device.

It should be noted that the first adhesion layer 52, the Pd
layer 54, the second adhesion layer 56, and the surface pro-
tection layer 58 may be omitted from the heat-radiating elec-
trode 70.

Fifth Embodiment

A fifth embodiment of the present invention provides a
method of manufacturing a semiconductor device and also
provides a semiconductor device. These method and semi-
conductor device have many features common to the method
and semiconductor device of the first embodiment. Therefore,
the following description of the fifth embodiment will be
primarily limited to the differences from the first embodi-
ment. FIG. 18 is a cross-sectional view of the semiconductor
device of the fifth embodiment. The electroplated layer 16 is
formed of Ru. A plated Au layer 100 is provided between the
electrolessly plated layer 14 and the electroplated layer 16. It
should be noted that the plated Au layer 100 may be replaced
by an Au layer formed by a method other than plating.

The plated Au layer 100 is formed on the electrolessly
plated layer 14 after forming the electrolessly plated layer 14.
The substrate is then immersed in an electroplating solution,
and the electroplated layer 16 is formed on the plated Aulayer
100 using the electrolessly plated layer 14 and the plated Au
layer 100 as power feeding layers.
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The advantages resulting from forming the electroplated
Rulayerwill be described. FIG. 9 is a graph comparing the Cu
diffusion blocking effect of two different samples. Sample 4
was produced as follows: a first NiP layer (having a thickness
of' 0.5 um) was formed on a GaAs substrate in an electroless
plating solution after applying catalyst treatment to the sur-
face of the substrate using a Pd activating solution; a first Pd
layer (0.2 um) was then formed on the first NiP layer in an
electroplating solution containing Ge; a Cu layer (a metal
layer having a thickness of 3 pm) was then formed on the first
Pd layer in an electroplating solution; a second NiP layer (0.5
um) was then formed on the Cu layer in an electroless plating
solution; a second Pd layer (0.2 um) was then formed on the
second NiP layer in an electroplating solution; and an Au
layer (0.05 um) was then formed on the second Pd layer in a
displacement plating solution. Thus, the electroplated layer
of'Sample 4 (between the GaAs substrate and the Cu layer) is
a Ge-containing Pd layer.

Sample 5 was produced as follows: a first NiP layer (0.5
um) was formed on a GaAs substrate in an electroless plating
solution after applying catalyst treatment to the surface of the
substrate using a Pd activating solution; a first Au layer (0.05
um) was then formed on the first NiP layer in a displacement
Au plating solution; an Ru layer (0.2 um) was then formed on
the first Au layer in an electroplating solution; a Cu layer (a
metal layer having a thickness of 3 pm) was then formed on
the Ru layer in an electroplating solution; a second NiP layer
(0.5 um) was then formed on the Cu layer in an electroless
plating solution; a Pd layer (0.2 pm) was then formed on the
second NiP layer in an electroplating solution; and a second
Au layer (0.05 um) was then formed on the Pd layer in a
displacement plating solution. Thus, the electroplated layer
of'Sample 5 (between the GaAs substrate and the Cu layer) is
a Ru layer. It should be noted that a sample similar to Sample
5 but without the first plated Au layer was found to have
cracks in a portion of the electroplated Ru layer, whereas the
electroplated Ru layer of Sample 5 was found to have sub-
stantially no cracks since Sample 5 has the first plated Au
layer.

These samples were heat treated, and the amount of change
in sheet resistance of each sample due to heat treatment was
measured and plotted against heat treatment time. (The heat
treatment temperature was maintained at 300° C.) In FIG. 19,
the vertical axis represents the amount of change in sheet
resistance of each sample due to heat treatment, expressed in
percentage of the sheet resistance of the sample before the
heat treatment, and the horizontal axis represents heat treat-
ment time. As can be seen from FIG. 19, the sheet resistance
of Sample 4 increased 5% or more due to 10 hours of heat
treatment, whereas the sheet resistance of Sample 5 did not
substantially increase under the same conditions. This indi-
cates that the electroplated Ru layer has a greater Cu diffusion
blocking effect than the electroplated Pd layer. The reason
that the Ru layer has a greater Cu diffusion blocking effect is
that the melting point (2050° C.) of Ru is higher than the
melting point (1552° C.) of Pd and hence the Ru layer has
higher thermal stability than the Pd layer. It should be noted
that features of the semiconductor manufacturing methods
and the semiconductor devices of embodiments described
above may be combined where appropriate.

Thus in accordance with the present invention, a diffusion
blocking layer that includes two layers formed by electroless
plating and electroplating, respectively, is provided between a
substrate and a metal layer of, e.g., Cu. The diffusion blocking
layer has high covering ability, since the entire diffusion
blocking layer is formed by plating. Further, the electroplated
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layer of the diffusion blocking layer serves to reduce diffu-
sion of components of the metal layer, such as Cu, into the
substrate.

Obviously many modifications and variations of the
present invention are possible in the light of the above teach-
ings. It is therefore to be understood that within the scope of
the appended claims the invention may be practiced other-
wise than as specifically described.

The entire disclosure of Japanese Patent Application No.
2013-080609, filed on Apr. 8, 2013, and Japanese Patent
Application No. 2012-239106, filed on Oct. 30, 2012, includ-
ing specifications, claims, drawings, and summaries, on
which the Convention priorities of the present application is
based, are incorporated herein by reference in their entirety.

What is claimed is:

1. A method of manufacturing a semiconductor device,
comprising:

immersing a substrate in a solution containing metal ions

and adhering a metal catalyst to a surface of said sub-
strate;

immersing said substrate with said metal catalyst adhered

thereto in an electroless plating solution and electro-
lessly plating an electrolessly plated layer on said sub-
strate;

immersing said substrate in an electroplating solution and

electroplating an electroplated layer on said electro-
lessly plated layer, using said electrolessly plated layer
as a power feeding layer; and

forming a metal layer of Cu or Ag on said electroplated

layer, wherein said electroplated layer is a different
material from said metal layer.

2. The method according to claim 1, wherein said electro-
plating solution contains a compound selected from the group
consisting of a Ge compound, an As compound, an Se com-
pound, a B compound, a P compound, a Te compound, an Sb
compound, a Tl compound, a Pb compound, and an S com-
pound, each of which functions as a crystal control agent for
altering grain boundaries of said electroplated layer to reduce
grain boundary diffusion of a component of said metal layer.

3. The method according to claim 2, wherein

said electroplated layer contains a concentration of an ele-

ment selected from the group consisting of Ge, As, Se, B,
P, Te, Sb, T1, Pb, and S, and

the concentration is in a range from 1 ppm to 10000 ppm,

inclusive.

4. The method according to claim 1, wherein said substrate
is GaAs, and said electrolessly plated layer is NiP.

5. The method according to claim 1, further comprising
forming, on said metal layer, a surface protection layer of a
material having greater oxidation resistance than said metal
layer.

6. The method according to claim 1, wherein said surface
of said substrate includes one of a recess, a projection, and a
through-hole.

7. The method according to claim 1, further comprising:

forming an electrode on a top surface of said substrate; and

forming a via hole which penetrates through said substrate
and extends from a bottom surface of'said substrate to a
bottom surface of said electrode, wherein said metal
catalyst, said electrolessly plated layer, said electro-
plated layer, and said metal layer are present on an inner
wall of said via hole and said bottom surface of said
electrode.

8. The method according to claim 1, wherein said electro-
plated layer is a metal selected from the group consisting of
Pd, Ru, Pt, and Rh.
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9. A method of manufacturing a semiconductor device
comprising:

immersing a substrate in a solution containing metal ions
and adhering a metal catalyst to a surface of said sub-
strate;

immersing said substrate with said metal catalyst adhered
thereto in an electroless plating solution and electro-
lessly plating an electrolessly plated layer on said sub-
strate;

immersing said substrate in an electroplating solution and
electroplating an electroplated layer on said electro-
lessly plated layer, using said electrolessly plated layer
as a power feeding layer;

forming a metal layer of Cu or Ag on said electroplated
layer, wherein said electroplated layer is a different
material from said metal layer;

forming, on said metal layer, a surface diffusion blocking

layer of a metal for reducing diffusion of a component of

said metal layer; and

forming, on said surface diffusion blocking layer, a surface
protection layer of a material having greater oxidation
resistance than said metal layer.

10. The method according to claim 9, further comprising:

forming a first adhesion layer on said metal layer before
forming said surface diffusion blocking layer; and

forming a second adhesion layer on said surface diffusion
blocking layer before forming said surface protection
layer; wherein
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said first adhesion layer is located between said metal
layer and said surface diffusion blocking layer, and
said second adhesion layer is located between said sur-
face diffusion blocking layer and said surface protec-
tion layer.
11. A method of manufacturing a semiconductor device,
comprising:
immersing a substrate in a solution containing metal ions
and adhering a metal catalyst to a surface of said sub-
strate;
immersing said substrate with said metal catalyst adhered
thereto in an electroless plating solution and electro-
lessly plating an electrolessly plated layer on said sub-
strate;
plating an Au layer on said electrolessly plated layer;

immersing said substrate in an electroplating solution and
electroplating an electroplated layer on said plated Au
layer, using said electrolessly plated layer and said
plated Au layer as power feeding layers; and

forming a metal layer of Cu or Ag on said electroplated
layer, wherein said electroplated layer is formed of a
different material from said metal layer.

12. The method according to claim 11, wherein said elec-

troplated layer is Ru.



